Methylobrevis pamukkalensis gen. nov., sp. nov., a halotolerant restricted facultative methylotroph isolated from saline water An aerobic halotolerant restricted facultatively methylotrophic bacterium was isolated from a saline hot spring in Pamukkale, Turkey, and designated strain PK2 T . The cells of this strain were Gramstain-negative, asporogenous, motile short rods multiplying by binary fission. They utilized methanol, methylamine and mannitol as carbon and energy sources. The organism grew optimally at 30 6C in media containing 85 mM NaCl and at pH 7.5-8.0. C 1 compounds were assimilated via the isocitrate-lyase-positive variant of the serine pathway. Poly-b-hydroxybutyrate and the compatible solute ectoine were found in the cells. The dominant phospholipids were phosphatidylethanolamine and phosphatidylmonomethylethanolamine. The major cellular fatty acids of methanol-grown cells were C 18 : 1 v7 and C 16 : 1 v7c. The main ubiquinone was Q-10. The DNA G+C content was 67.9 mol% (T m ). The 16S rRNA gene sequence suggests that strain PK2
Reduced C 1 compounds such as methanol and methylated amines are present in various saline environments, but only a few taxa of aerobic halophilic or halotolerant nonmethane-utilizing methylotrophs (methylobacteria) have been described. On the basis of the range of carbon compounds utilized, the methylotrophic bacteria can be divided into three groups: the obligate methylotrophs that can use only single-carbon compounds such as methanol, methylamine, formate and others; the restricted facultative methylotrophs that also grow on a limited range of multicarbon compounds; and the facultative methylotrophs that grow on a wider range of multicarbon compounds as the sole carbon and energy sources.
Moderately halophilic methylobacteria survive in media containing up to 3 M NaCl (optimally at 0.5-1 M). They belong to the classes Alphaproteobacteria (genera Methylarcula, Leisingera, Methyloligella, Paracoccus) and Gammaproteobacteria (genera Methylophaga, Methylohalomonas, Methylonatrum) (Poroshina et al., 2013) .
At present, marine representatives of the genus Methylophaga (Janvier et al., 1985; Boden, 2012) with the ribulose monophosphate cycle of C 1 assimilation have been studied best. The obligate methylotrophs Methylohalomonas lacus and Methylonatrum kenyense were isolated from soda lakes in Russia and Kenya, respectively (Sorokin et al., 2007) . The former uses the serine pathway, while the latter uses the Calvin-Benson-Bassham cycle. The serine pathway methylobacteria of the genera Methylarcula (Doronina et al., 2000) and Leisingera (Vandecandelaere et al., 2008) were isolated from marine coastal pools. Obligate methylotrophs of the genus Methyloligella with the serine pathway of C 1 assimilation have recently been isolated from soil in the Troitsky state nature reserve and from industrial wastewater of the Solikamsk plant (the Urals, Russia) (Doronina et al., 2013) . Interestingly, representatives of the genera Methylophaga, Methylarcula and Methyloligella accumulated ectoine as the main osmoprotectant (Doronina et al., 2000 (Doronina et al., , 2010 , whereas Methylohalomonas lacus accumulated glycine betaine (Sorokin et al., 2007) . allow us to propose a new genus, Methylobrevis gen. nov., and a novel species, Methylobrevis pamukkalensis sp. nov., for strain PK2 T .
Strain PK2
T was isolated from a sample of saline water (0.5 M NaCl, 37 u C, 20 cm depth) of Pamukkale (Turkey), which is a system of hot springs with water temperatures of 35 to 100 u C and groups of water-terraced travertine basins. Pamukkale is included in the list of World Heritage Sites of UNESCO. The water sample (10 ml) was poured into a 750 ml flask containing 100 ml of a sterile marine ammonium mineral salt (MAMS) medium supplemented with methanol (156 mM) and 0.4 ml of a vitamin mixture in methanol (thiamin, biotin, folic acid and B 12 , 50 mg l 21 of each). The MAMS medium (Schäfer, 2007) (180 r.p.m.) . In subsequent enrichments, 20 ml of the previous enrichment culture was diluted 1 : 10 (until the total volume reached 200 ml) with the same medium. The culture was incubated at 30 u C with shaking for 5 days. The enrichment culture suspension was plated onto 2 % (w/v) Difco agar MAMS medium with 156 mM methanol to obtain single colonies. The purity of the isolated strain PK2
T was checked by several methods: light (ICM-405; OPTON) and electron (JEM-100B; JEOL) microscopy, 16S rRNA gene sequencing, analysis of the ability to grow on Luria-Bertani (LB) agar (Sambrook & Russell, 2001 ) and uniformity of colonies grown on an agar medium with methanol.
Negatively stained cells and thin sections prepared as described previously (Ivanova et al., 2007) were imaged in a transmission electron microscope (JEOL) at an operating voltage of 60 and 80 kV. PK2
T cells were grown in test tubes or flasks using liquid (with shaking at 180 r.p.m.) or solid MAMS medium supplemented with 156 mM methanol at 30 u C for 48 h, unless otherwise stated, for subsequent microscopy and testing of biochemical and physiological properties.
Catalase and oxidase activities were determined as described previously . Other biochemical tests were carried out with API 20NE and API 20E strips (bioMérieux) according to the manufacturer's instructions. Indole production from 1 mM L-tryptophan was detected with Salkowski reagent (0.05 M FeCl 3 in 3.5 mM HClO 4 ) on MAMS medium with (NH 4 ) 2 SO 4 replaced by 50 mM KNO 3 . Starch hydrolysis was detected using iodine solution on a solid medium containing 0.2 % (w/v) soluble starch after 7 days of incubation. Utilization of growth substrates was tested for 2 weeks with methanol replaced by other carbon compounds: mannitol (165 mM), methylamine (74 mM), formate (100 mM), formaldehyde (167 mM), dimethylamine (60 mM), trimethylamine (52 mM), DMSO (64 mM), glucose (16 mM), fructose (16 mM), sucrose (8 mM), arabinose (20 mM), maltose (8 mM), xylose (20 mM), rhamnose (18 mM), raffinose (6 mM), melibiose (8 mM), amygdalin (7 mM), citrate (10 mM), acetate (37 mM), gluconate (13 mM), sorbitol (16 mM), inositol (16 mM), a-ketoglutarate (21 mM), citrate (16 mM), succinate (25 mM), malate (22 mM), fumarate (26 mM), serine (29 mM), alanine (34 mM), glutamate (20 mM), glutamine (21 mM), arginine (17 mM), urea (50 mM), Nacetylglucosamine (14 mM), ethanol (100 mM) or glycerol (54 mM) as carbon and energy sources. In addition, complex media [LB, tryptone soy agar (TSA, Difco)] and API 20E/20NE strips were used.
Alternative nitrogen sources were tested by replacing (NH 4 ) 2 SO 4 with other nitrogen compounds such as nitrate (100 mM), serine (100 mM), valine (85 mM), alanine (110 mM), asparagine (75 mM), phenylalanine (60 mM), glycine (133 mM), cysteine (83 mM), arginine (57 mM), glutamate (68 mM) or urea (167 mM).
Methane utilization was tested under a methane/air atmosphere (1 : 1, v/v) in 750 ml flasks containing 100 ml medium and sealed with rubber stoppers. Autotrophic growth with hydrogen as an electron donor was tested by the same procedure but under a H 2 /O 2 /CO 2 atmosphere (7 : 2 : 1, by vol.). Dichloromethane utilization was tested as described previously (Doronina et al., 2013) .
Halotolerance was tested by inoculating cells into a liquid medium with various concentrations of NaCl (0-2 M). The temperature range for growth was estimated by growing the isolate in liquid medium at different temperatures (4-40 u C). The effect of pH was investigated in the range of pH 5.0-10.0. OD 600 was measured in 1 ml samples of the culture medium taken at 24 h intervals with a UV-1700 spectrophotometer (Shimadzu) in triplicate.
Vitamin requirements were analysed on a medium containing thiamin, biotin, folic acid, B 12 (50 mg l 21 ) or a mixture of vitamins. The control medium did not contain vitamins. Antibiotic sensitivity was determined as follows: cells were spread onto a solid basal mineral medium on Petri dishes and covered with Bioanalyse discs containing the antibiotics (mg per disc) lincomycin (10), erythromycin (15), penicillin (10), oxacillin (5), nalidixic acid (30), gentamicin (10), chloramphenicol (30), kanamycin (30), streptomycin (10), novobiocin (30), tetracycline (30) and neomycin (30). The effect of antibiotics on cell growth was assessed after 1 week of incubation.
Cellular fatty acids and polar lipids were analysed as described previously (Doronina et al., 2012) .
The methanol/chloroform extraction procedure was performed to isolate organic solutes from the cells as described previously (Doronina et al., 2000) . The content of ectoine in the cultures grown at optimal pH in the presence of different NaCl concentrations was recalculated for dry biomass obtained by pelleting cells (6000 g, 30 min) and drying them in a drying oven at 105 u C until constant weight. Quantification of ectoine in the biomass was performed by the method of normal-phase HPLC using a chromatograph (LKB) equipped with an Uvis 200 UV Linear detector at 230 nm (Doronina et al., 2010) . Authentic ectoine (Sigma) was used as a standard. The amino acid composition was analysed with an Eppendorf Biotronic LC 2000 Amino acid Analyser according to standard procedures.
Cultivation in 750 ml flasks containing 200 ml of medium for 7 days was carried out to assess the production of polyb-hydroxybutyrate (PHB). When the culture reached high optical density (OD 600 1.5), 1 ml methanol was added daily to each flask to achieve carbon excess under the conditions of ammonium shortage. Isolation of PHB and determination of molecular mass of the polymer were carried out as described previously (Poroshina et al., 2014) .
Enzyme assays were performed as described by Trotsenko et al. (1986) . Enzyme activities were expressed as nmol of transformed substrate or the product formed per min per mg of protein. Protein was assayed by the method of Bradford (1976) . DNA was isolated and purified according to the protocol of Marmur (1961) . The DNA G+C content was determined by the thermal denaturation (T m ) method using a Unicam SP 1800 spectrophotometer at a heating rate of 0.5 u C min 21 and the calculation was made according to the method of Owen & Lapage (1976) . PCRmediated amplification of the 16S rRNA gene of strain PK2 T was performed as described (Doronina et al., 2013) using the primers proposed by Lane (1991) . The PCR-product of the 16S rRNA gene was purified using a Zymoclean Gel DNA Recovery kit. 16S rRNA gene sequencing was carried out using a BigDye Terminator v. 3.1 reaction kit followed by analysis of reaction products in an automated sequencer (3730 DNA Analyser; Applied Biosystems).
The preliminary screening for sequence similarities was carried out using the BLAST program (http://www.ncbi.nlm. nih.gov/blast). Multiple sequence alignments of the 16S rRNA gene with those of closely related strains obtained from GenBank were performed using the CLUSTAL W software (Thompson et al., 1997) . A total of 1367 nt was used in the analysis. Phylogenetic and molecular evolutionary analyses were conducted using MEGA version 5 (Tamura et al., 2011) . Phylogenetic trees were reconstructed by the neighbour-joining (NJ), minimum evolution (ME), maximum-likelihood (ML), UPGMA and maximumparsimony (MP) algorithms. The stability of groupings was estimated by bootstrap analysis (1000 replications).
Cells of strain PK2
T were Gram-stain-negative, motile short rods (0.7-161.5-2 mm) forming rosettes (Fig. 1a, b) . The cells did not form endospores or prosthecae and multiplied by binary fission (Fig. 1b) . Cells of strain PK2 T contained intracellular PHB inclusions (Fig. 1c) . When grown on a solid mineral medium with methanol and 0.3 M NaCl, colonies were 3 mm in diameter after 4 days of growth at 30 u C, pale brown, convex and circular, with entire edges. Strain PK2
T assimilated methanol and mannitol. Weak growth was observed on methylamine and formate. No growth occurred on complex media (TSA, LB) or on formaldehyde, dimethylamine, trimethylamine, dichloromethane, DMSO, glucose, fructose, sucrose, arabinose, maltose, xylose, rhamnose, raffinose, melibiose, amygdalin, citrate, acetate, gluconate, sorbitol, inositol, aketoglutarate, citrate, succinate, malate, fumarate, serine, alanine, glutamate, glutamine, arginine, urea, N-acetylglucosamine, ethanol or glycerol, or CO 2 /H 2 /O 2 or CH 4 /O 2 gas mixtures as carbon and energy sources. Ammonium salts, nitrate, serine, valine, alanine and asparagine were utilized as nitrogen sources; phenylalanine, glycine, cysteine, arginine, glutamate and urea were not utilized. The strain was unable to grow on mineral medium without nitrogen sources and did not fix atmospheric dinitrogen. The test with API 20E strips was positive for urease activity but negative for arginine dihydrolase, lysine decarboxylase and ornithine decarboxylase activities. The test for H 2 S production was negative. Activity of b-glucosidase was positive according to API 20NE strips. The tests for nitrate reduction and gelatin hydrolysis were negative.
Indole production from L-tryptophan was revealed neither with the Salkowski reagent nor with API 20E/20NE. Activity of b-galactosidase was absent. Other biochemical tests showed positive reactions for catalase and oxidase activities. Starch hydrolysis was observed.
Strain PK2
T grew well at 0.7 M NaCl (optimum 0.1 M) but did not grow at NaCl concentrations above 1 M. The pH optimum was pH 7.5-8.0; no growth was detected below pH 6.0 or above pH 9.0. The optimum methanol concentration was 156 mM. Growth occurred within a temperature range of 4-37 u C (optimum 30 u C). Biotin stimulated growth.
As shown in Table 1 , the dominant cellular fatty acids of methanol-grown cultures of strain PK2
T were C 18 : 1 v7 (47.0 %) and C 16 : 1 v7c (13.0 %). The analysis of cellular phospholipids revealed the presence of phosphatidylethanolamine, phosphatidylmonomethylethanolamine, phosphatidylglycerol, and a minor unidentified phospholipid (Fig. S1 , available in the online Supplementary Material).
The major ubiquinone was Q-10. The ectoine pool [up to 80 mg (mg dry weight) 21 at 0.8 M NaCl] was found to increase at higher external NaCl concentrations (0.25 MA0.8 M). Accumulation of minor amounts of glutamate and glutamine [5 and 0.5 mg (mg dry weight)
21
, respectively] was detected. The cytoplasmic pool of these organic solutes in the cells was considerably influenced by the salt concentration, which showed their osmoprotective role. Ammonium shortage stimulated PHB production; the polymer molecular mass was 900 kDa.
The enzymic profile of methanol-grown cells (Table 2) indicated that the newly isolated strain oxidized methanol to formaldehyde by methanol dehydrogenase. The activity of NAD + -dependent formaldehyde dehydrogenase (EC 1.2.1.46) was stimulated by reduced glutathione. Both NAD + -and phenasine methosulphate (PMS)-dependent forms of formate dehydrogenase were found. Formaldehyde assimilation occurred via the isocitrate-lyase-positive variant of the serine pathway as was confirmed by the presence of the activities of hydroxypyruvate reductase (EC 1.1.1.81), The DNA G+C content of strain PK2 T was 67.9 mol%. The 16S rRNA gene sequence (1367 nt) of strain PK2
T was obtained. Strain PK2
T was most closely related (96 % similarity) to the pyrene-degrading bacterium isolate 23-01 from the sediments in the Elizabeth River, Virginia (Hilyard et al., 2008) . However, among the species with validly published names, strain PK2
T was distantly related to Mesorhizobium gobiense CCBAU 83330 T with 94 % 16S rRNA gene sequence similarity (Han et al., 2008) . The 16S rRNA gene sequence-based NJ phylogenetic tree (Fig. 2) showed a low sequence similarity (82-94 %) to all representatives of the order Rhizobiales. Phylogenetic relationships between strain PK2
T and the Rhizobiales were also demonstrated in the additional phylogenetic trees reconstructed by the ME, ML, UPGMA and MP algorithms (Figs. S2-S5 ).
On the basis of morphological, physiological, chemotaxonomic, biochemical and phylogenetic differences of strain PK2
T from other bacteria of the order Rhizobiales, a novel genus and species, Methylobrevis pamukkalensis gen. nov., sp. nov., is proposed; the type strain of the type species is PK2
T .
Description of Methylobrevis gen. nov.
Methylobrevis (Me.thy.lo.bre9vis. Fr. n. methyle the methyl radical; L. adj. brevis short, referring to short cells; N.L. masc. n. Methylobrevis methyl-using short rods).
Cells are Gram-stain-negative, strictly aerobic rods multiplying by binary fission. The cells do not form endospores or prosthecae. Accumulate intracellular granules of PHB.
Mesorhizobium camelthorni CCNWXJ 40-4 T (EU169581)
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Mesorhizobium gobiense CCBAU 83330 T (EF035064)
Ancylobacter aquaticus VKM B-1287 T (M62790)
Angulomicrobium tetraedrale DSM 5895 T (AJ535708)
Xanthobacter aminoxidans 14a T (AF399969)
Starkeya novella IAM 12100 T (D32247)
Methylobrevis pamukkalensis PK2 T (KF683074)
Methylorhabdus multivorans DM13 T (AF004845)
Methylobacterium organophilum ATCC 27886 T (AB175638)
Methylophaga marina DSM 5689 T (X95459)
Methyloligella halotolerans C2 T (JQ773443)
Hansschlegelia plantiphila S 1 T (DQ404188)
Methylopila capsulata IM1 T (AF004844)
Albibacter methylovorans T among members of the order Rhizobiales. Only bootstrap values above 50 % (expressed as percentages of 1000 replications) are shown at branching points. Filled circles indicate that the corresponding nodes were also recovered in the trees generated with the ML, ME and UPGMA algorithms.
